A new method is presented to quantify malignant changes in histological sections of prostate tissue immunohistochemically stained for prostate-specific antigen (PSA) by means of image processing. The morphological analysis of the prostate tissue uses the solidity of PSApositive prostate tissue segments to compute a quantitative measure that turns out highly correlated with scores obtained from routine diagnosis (Gleason, Dhom).
Introduction
Prostate cancer is one of the most frequent cancers in western countries. Routine diagnosis of prostate cancer operates on several levels of resolution. With low microscopic magnification, the shape of the tissues is examined, while on large magnifications on the level of single cells the shape of the cell nucleus and the size of the individual cells is of interest. In the present paper we restrict ourselves to the low magnification scale and look for shape descriptors of the cancer tissue. While a healthy glandular tissue has a regular shape that reflects its function, the cancer tissue has lost this regular structure. We are interested in the quantification of this structural change in prostate cancer. Further, we wish to obtain a quantitative estimate of the cancer shape that compares well to the diagnostic grading obtained by a pathologist. The grading determines the future treatment of the patient, and a more objective measure than the opinion of the pathologist seems to be preferable. The Gleason grading [1] uses the degree of the differentiation of the glandular tissue and the pattern of the glands. The Dhom grading [2] uses additional cytological parameters. We here report on a new algorithm designed to quantify prostate glandular structures and applied this to 26 specimens of 23 patients.
Materials and Methods

Segmentation
All images where preprocessed by a channel-wise total variation filter [3] in RGB space to reduce the spatial noise and obtain more compact regions in the segmentation.
It is typical for immunohistochemical stains that the color distribution may exhibit quite a wide variation in color saturation across different slides or even on the same slide. Our goal was to segment all images with the same set of parameters for the segmentation. For this, a c-means segmentation in the CIE Lu * v * color space was chosen [4, 5] . The result of an individual c-means segmentation are the segmented image and a set of colors that are used as centers in the clustering process. It is always difficult to select initial centers for the cmeans segmentation, so we take four centers (rough estimates) and make a first loop over all images that yield new centers for every image. These new centers are averaged over all processed images and taken as starting values for a second c-means segmentation over all images. The resulting segmentations were then used to select the class that corresponds to the prostate tissue in order to later on characterize the shape of the binarized segments. Fig. 1 depicts the result for three samples from the set with an overall of 96 regions of interest (ROIs) out of 26 specimens.
For every connected component (segment, i.e. glandular structure of interest, GOI) referring to a binary mask corresponding to the immunohistochemically stained prostate tissue we compute the solidity of each GOI [6] . The solidity of a single shape i is defined as
where H i is the area of the convex hull of the component and A i is its real area (see Fig. 2 ). For convex shapes like disks or rectangles the solidity is always equal to one. For non-convex objects one gets always values larger than one. The solidity is invariant under translation, rotation and scaling. To get a single number for every image we compute a weighted solidity
The summation runs over all i components in the image. The weighting is used, since otherwise small objects should not contribute to the averaged solidity the same way as large objects do. By this averaging process we introduce the important quantity of the size into the calculation that otherwise would be lost by averaging the pure scale invariant solidity.
Results
To relate the computed averaged solidities with the gradings obtained from the diagnostic findings box-whisker plots are made from the mean solidity in every inital colors colors after the first average Fig. 1 . Left: Colors used as initial centers for the c-means segmentation. That color corresponding to the prostate tissue color is marked by a black frame. Right: Three sample ROIs (upper row) and their segmentation (lower row) Fig. 2 . Solidity for the components (GOIs) determined as ratio of the area of the component's convex hull to the real component's area. For every segmented component (GOI) within this sample ROI, its corresponding convex hull is overlayed in the same label color (shades of green, brown and red) but with 50% transparency Dhom Grading pathological grade class (Fig. 3) . For both grading system we obtain a clear correlation of the computed solidities with the grading. Lower mean solidities correspond to higher scores in both grading systems.
Discussion
The developed segmentation procedure works well for a wide range of PSA stained samples and allows a robust detection of the PSA-positive prostatic tissue. The mean solidity seems to be a good objective measure for the degree of malignancy of the cancer. It should be noted that the above-mentioned established grading systems as typically are applied in routine pathology -although in good correspondence with our solidity-based histomorphometric assessments -are not considered as gold standards here. Rather, our work is driven by the need of a reliable, reproducible objective quantification and characterization of the malignancy of prostatic changes in order to provide a better basis for prognosis and therapy decisions. With our solidity-based automated histomorphometric approach we have introduced a simple but promising objective method ready for further assessments concerning its appropriateness to support diagnostic findings.
